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Abstract
We investigate phenomenologically viable four- and five-stack MSSM
D-brane quivers which exhibit realistic fermion mass hierarchies. In our
analysis, the mass hierarchies arise either from higher order terms contain-
ing the VEV’s of SM singlets or from D-instanton effects, where the latter
utilizes either family splitting or a factorizable Yukawa matrix. Extending
the systematic bottom-up analysis of [1], we present the only four-stack
quiver with a semi-realistic Yukawa texture. Investigation of five-stack
MSSM models reveals many more quivers with analogous Yukawa tex-
tures, as well as a few examples which exhibit three different mass scales
for the up-quarks, down-quarks, and electrons. Potential problems in this
class of quivers are the presence of U(1) instantons, which might lead to
undesired effects, such as R-parity violating couplings, and the presence of
dimension 5 operators that could lead to rapid proton decay. We present a
five-stack setup which overcomes all of these problems and exhibits three
different mass scales for the up-quarks, down-quarks and electrons.
1 Introduction
One of the most challenging problems in string theory is the quest for string
vacua which give rise to the phenomenology observed in nature. Intersecting
brane worlds (and their T-dual pictures) provide a very promising framework
for such a quest [2–4]. In these models, the gauge groups appear on stacks of
D-branes, which fill out four-dimensional space-time and wrap three-cycles in
the internal manifold. Chiral matter is localized at the intersection of different
stacks of D6-branes, and their multiplicity is given by the topological intersection
number of the respective three-cycles that the D6-branes wrap.
Over the last decade, many supersymmetric string vacua have been con-
structed which give rise to an MSSM-like or GUT-like spectrum1. Given these,
one can then investigate finer details of the MSSM, such as the hierarchies and
textures of the Yukawa couplings2. In intersecting brane models, the Yukawa
couplings can be calculated via CFT techniques, including the quantum prefac-
tor [19]. They are suppressed by world-sheet instantons [7, 9, 19, 20], which can
lead to interesting hierarchies and may, in principle, reproduce the observed mass
scales. However, for a generic orientifold compactification, all world-sheet instan-
ton contributions are expected to be of the same order and much fine-tuning is
required to obtain the large hierarchies observed in nature.
Moreover, orientifold compactifications generically exhibit additional global
U(1)’s, which are conserved at the perturbative level and thus forbid various
Yukawa couplings. Such perturbatively forbidden couplings can be generated
either by higher order couplings containing the VEV’s of standard model (SM)
singlets φi [21–23] or by D-instantons, which in type IIA are the so called E2-
instantons [24–26]3. The violation of the global U(1)’s in the Yukawa coupling is
compensated for by the SM singlets or D-instantons. In both cases, the resulting
coupling is suppressed: For the generation via higher order couplings the suppres-
sion factor is
∏
i
〈φi〉
Ms
, where Ms denotes the string mass and 〈φ
i〉 the VEV of the
SM singlet φi, while for the non-perturbative generation the suppression factor
is given by e−S
cl
E2 , where SclE2 is the classical action of the E2-instantons. Note
that these two mechanisms give hierarchies between perturbatively realized and
perturbatively forbidden couplings, and more generally they provide hierarchies
between Yukawa couplings which carry different global U(1) charges.
In [23] (see also [31]) the authors proposed that constructions where different
families arise from different sectors provide a framework to explain the mass hi-
1For original work on globally consistent non-supersymmetric intersecting D-branes, see
[5–8], and for chiral globally consistent supersymmetric ones, see [9, 10]. For supersymmetric
MSSM realizations, see [11–13], and for supersymmetric constructions within type II RCFT’s,
see [14, 15]. First local (bottom-up) constructions were discussed in [16, 17]
2For such a study within globally consistent supersymmetric three-family MSSM-like con-
structions [9, 10], see [18].
3For a recent review on the D-instanton effects see [27] and also [28–30].
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erarchies observed in nature. However, a systematic bottom-up analysis of three-
and four-stack configurations which exhibit the exact MSSM spectrum [1] showed
that the realization of such a D-brane spectrum often leads to phenomenological
drawbacks, such as R-parity violating couplings, a µ-term which is too large (see
also [32]), or too much family mixing.
Here we present an additional mechanism which naturally induces mass hi-
erarchies within orientifold compactifications. This mechanism relies on the fact
that non-perturbative effects often induce factorizable Yukawa matrices, which
only generate masses for one family. The generation of masses for all three fami-
lies then requires two additional instantons, which generically give rise to different
suppression factors and thus to different masses for each family.
In this paper we investigate which MSSM D-brane quivers potentially ex-
hibit observed mass hierarchies without inducing any undesired phenomenolog-
ical drawbacks. In particular, we extend a systematic bottom-up analysis of
three- and four-stack MSSM quivers [1] by also requiring that the D-brane quiv-
ers can naturally account for the different mass scales of the MSSM, which are
induced via the two mechanisms discussed above. We find that only one four-
stack quiver allows for a semi-realistic Yukawa texture. This specific example,
however, predicts only two different mass scales for the up-quarks. After allowing
for an additional U(1) brane, i.e. a five-stack MSSM quiver, we find many more
setups which have Yukawa textures similar to the one in that specific four-stack
quiver. Furthermore, we find a few setups which exhibit three different mass
scales for the up-quarks, down-quarks, and electrons. In section 4.1 we display
a five-stack quiver which gives rise to a semi-realistic Yukawa texture similar to
the one encountered for the four-stack quiver. However, this setup exhibits an
U(1) instanton which generates an R-parity violating coupling.
A large number of quivers with realistic Yukawa textures exhibit quartic cou-
plings, perturbatively or non-perturbatively realized, which might lead to a dan-
gerously high proton decay rate. Both the four-stack quiver and the five-stack
quiver, discussed in chapter 3 and section 4.1, respectively, suffer from this draw-
back. In section 4.2, we present one of the five-stack quivers which overcomes the
issue of rapid proton decay, exhibits three different mass scales for the up-quarks,
down-quarks and electrons, and explains the hierarchy between the t-quark mass
and the masses of all other MSSM matter fields. Thus this quiver passes all the
stringent bounds arising from experimental observations and therefore provides
an excellent starting point for further phenomenological investigation.
This paper is organized as follows. In chapter 2, we present in detail the
two mechanisms which generate mass hierarchies. In chapter 3, we present the
only four-stack quiver which gives rise to semi-realistic Yukawa textures without
inducing other phenomenological drawbacks. Since no four-stack quiver allows
for three different mass scales for the up-quarks, down-quarks and electrons, we
allow for an additional U(1) brane in chapter 4 and analyze a few representative
examples with two and three different mass scales for the families.
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2 Mass Hierarchies in Orientifolds
In this section, we present two mechanisms which give rise to mass hierarchies in
orientifold compactifications, both of which are independent of any geometrical
specifics of the compactification manifold. These compactifications generically
exhibit multiple global U(1)’s, which are remnants of the generalized Green-
Schwarz mechanism. Perturbative couplings must obey selection rules associated
with these global U(1)’s, thus forbidding various couplings on the perturbative
level.
Desired couplings which violate these selection rules can be induced by D-
instanton effects [24–26] or by higher order couplings [21–23]. In the latter case,
SM singlets φi compensate for the global U(1) charges carried by the desired, but
perturbatively forbidden, superpotential coupling. These singlets must acquire
a VEV in order to induce the desired Yukawa coupling. The coupling is then
suppressed by the factor
∏
i
〈φi 〉
Ms
, where Ms denotes the string mass and i runs
over the total number of singlets required to compensate for the global U(1)
charges. On the other hand, a D-instanton which carries the right global U(1)
charge can also generate the perturbatively missing coupling. In that case, the
coupling is suppressed by the classical action of the instanton, which is related
to the volume of the cycle wrapped by the instanton in the internal manifold.
Thus, in both cases, one naturally obtains a hierarchy between perturbatively
realized couplings and couplings which are either induced non-perturbatively or
by higher order couplings. This mechanism can be generalized to also achieve
hierarchies between two couplings which are both perturbatively absent, and has
been used to explain the three different mass scales for the three families of the
MSSM [23]. Let us briefly review that mechanism in more detail.
2.1 Hierarchy from Family Splitting
Depending on the choice of hypercharge, various MSSM matter fields might have
different origins. For instance, in the Madrid embedding4
U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
1
2
U(1)d, (1)
the left-handed quarks qL can transform as (a, b) or (a, b), and the right-handed
down-quarks dR as a, (a, c) or (a, d)
5. Assuming that every coupling qILHd d
J
R is
4The Madrid quiver is based on four stacks of D-branes a, b, c and d, which give rise to the
gauge symmetry U(3)a×U(2)b×U(1)c×U(1)d. Applying the Green-Schwarz mechanism gives
the standard model gauge symmetry SU(3)a × SU(2)b × U(1)Y in four dimensions, where the
hypercharge is given by the linear combination (1) of the anomalous U(1)’s.
5Here a (a) stands for the fundamental 3 (anti-fundamental 3) of SU(3) and analogously for
the other D-brane gauge groups. Moreover, we choose the convention that positive intersection
number Iab between the stacks a and b corresponds to a transformation behavior (a, b).
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realized either perturbatively, via higher order couplings, or non-perturbatively,
one can naturally obtain hierarchies for the masses. In [23] the authors analyzed
which Yukawa matrix textures can lead to three different mass scales. For the
quark Yukawa matrices, the potential matrices take the form
Y 1 =

 A B BC D D
C D D

 Y 2 =

 A B CA B C
A B C

 Y 3 =

 A B CD E F
D E F

 , (2)
where same letters denote terms of the same order. The Yukawa matrix Y 1 arises
when one left-handed quark qL transforms as (a, b), while the other two transform
as (a, b), and when the right-handed quarks split in such a way that exactly two
come from one sector and the third from a different one. The Yukawa matrix Y 2 is
realized when all the qL’s are localized at the same sector, but there is a maximal
distribution of the right-handed quarks, i.e. all three right-handed quarks arise
from different sectors. Finally, the quark Yukawa matrix takes the form Y 3 when
the three qL’s arise from two different origins and there is a maximal splitting
in the right-handed quarks. Note that the latter matrix might still have three
different mass scales even if some of the six parameters are zero. For the matrix
Y 2 all entries A, B and C have to be non-vanishing, while for Y 1 the entry A
could be zero and one still gets three different mass scales.
For the leptonic coupling LI HdE
J
R there is an additional Yukawa matrix
which can account for the three mass scales,
Y 4 =

 A B CD E F
G H I

 .
Such a texture arises when all of the LI and EIR, respectively, come from different
sectors. Let us emphasize that the different letters in the four Yukawa matrices
are generically of different order.
Note that for this mechanism, there is no crucial difference whether the en-
tries are induced non-perturbatively or via higher order couplings containing the
VEV’s of SM singlets, where different singlets generically acquire VEV’s of dif-
ferent scales.
2.2 Hierarchy from Factorizable Yukawa Matrices
While the previous mechanism does not rely on the presence of non-perturbative
effects, the mechanism presented below is purely non-perturbative [1,32,33]. For
the sake of concreteness, consider a setup where three U(1) branes a, b and c
5
exhibit the intersection pattern6
Iab = K Iac = 0 Ibc = K ,
where we denote fields arising from the ab sector as ΦI and fields arising from
the bc sector as Φ˜I . The superpotential term
Ms Φ
I
(1,−1,0) Φ˜
J
(0,1,−1)
is perturbatively forbidden, where the subscript denotes the charge under the
global U(1)a, U(1)b and U(1)c, respectively. An instanton with the intersection
pattern
IE2a = 1 IE2b = 0 IE2c = −1
carries the global U(1) charges QE2(a) = −1, QE2(b) = 0 and QE2(c) = 1,
and therefore can induce the perturbatively missing coupling. Such an instanton
exhibits two charged zero modes, λa and λc, and its action generically takes the
form
SE2 = S
cl
E2 + Y
IJ λaΦ
I Φ˜J λc , (3)
where the prefactor Y IJ contains the world-sheet instanton contributions and is
expected to be of the same order for all combinations IJ . Performing the path
integral ∫
d4x d2θ dλa dλc e
−SE2
gives the result
M IJ = Y IJ e−S
cl
E2 Ms
and leads generically to a mass matrix whose K eigenvalues are all of the same
order.
On the other hand an instanton with the intersection pattern
IE2a = 1 IE2b = 0 IE2c = −1 I
N=2
E2b = 1 (4)
also carries total global U(1) charge QE2(a) = −1, QE2(b) = 0 and QE2(c) = 1,
but exhibits two additional charged zero modes λb and λb. The generic instanton
action has additional terms compared to (3),
SE2 = S
cl
E2 + Y
IJ λaΦ
I Φ˜J λc + Y
I λaΦ
Iλb + Y
J λb Φ˜
Jλc .
6As already mentioned in footnote 5, positive intersection number Iab = K corresponds to
K fields transforming as (a, b).
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Now the measure in the path-integral∫
d4x d2θ dλa dλb dλb dλc e
−SE2
contains the additional Grassmann variables λb and λb, which must be saturated
in order to get a non-vanishing answer. The resulting instanton induced mass
term is given by
M IJ = Y I Y J e−S
cl
E2 Ms . (5)
This matrix factorizes and thus only one linear combination of ΦI Φ˜J becomes
massive. In order to give masses to all K families, an additional K−1 instantons
of the type (4) are required. The resulting mass eigenvalues depend on the sup-
pression factor of these additional instantons, which generically are all different
from each other, since the instantons wrap different cycles in the internal mani-
fold. Thus, if non-perturbative effects induce a factorizable Yukawa matrix, one
naturally obtains different mass scales for different families.
In the following chapters, we will make use of both mechanisms to explain the
observed mass hierarchies in nature.
3 Four-stack Quivers
In [1], the authors systematically analyzed different four-stack quivers which give
rise to the exact MSSM spectrum. While on the order of 10000 setups satisfy
the string consistency conditions, namely tadpole cancellation and the conditions
due to the presence of a massless hypercharge U(1)Y , only a small subset fulfill
the bottom-up constraints. The latter include the presence of all the MSSM
Yukawa couplings, a µ-term of the correct order, and the absence of R-parity
violating couplings on the perturbative and non-perturbative level. Additionally,
all setups are required to account for the observed CKM matrix and exhibit
a mechanism which explains the smallness of the neutrino masses. Finally, to
account for the large top mass, the authors required the presence of the t-quark
Yukawa coupling on the perturbative level7. All the top-down and bottom-up
constraints implemented in the systematic analysis of [1] are briefly summarized
in appendix A.
One of the results of this four-stack analysis was that different origins for dif-
ferent families, which could be an explanation for the hierarchies, are phenomeno-
logically not favored. This is basically due to the fact that in such configurations
7The authors also allowed for the possibility that the t-quark Yukawa coupling can be realized
non-perturbatively. In that case, the couplings qLHddR and LHdER must also be induced non-
perturbatively, where the suppression factor for the latter two couplings is larger than for the
t-quark Yukawa coupling.
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the instantons required to induce the perturbatively absent, but desired, MSSM
couplings also induce R-parity violating couplings or a µ-term which is too large
(see also [32])8.
The masses of the MSSM indicate not only hierarchies between different fam-
ilies, but also a hierarchy between the t-quark mass and the masses of all other
MSSM matter fields. Such hierarchy is naturally achieved when only the t-quark
Yukawa coupling is perturbatively realized, while all other Yukawa couplings are
forbidden due to violation of global U(1)’s. In this chapter, we present a four-
stack quiver which realizes the latter and thus explains the hierarchy between
the t-quark mass and all other masses. Moreover, this quiver exhibits hierarchies
between different families based on the two mechanisms discussed in the previous
chapter: family splitting and non-perturbative effects which induce factorizable
Yukawa matrices.
As already suggested in [23], the Madrid embedding
U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
1
2
U(1)d
is the most promising hypercharge embedding for realizing mass hierarchies, since
the matter fields have many potential origins. Below we summarize the potential
origins of all the MSSM matter fields for the Madrid embedding
qL : (a, b), (a, b)
uR : (a, c), (a, d)
dR : a, (a, c), (a, d)
L : (b, c), (b, c), (b, d), (b, d)
ER : (c, d), c, d
NR : b, b, (c, d), (c, d)
Hu : (b, c), (b, c), (b, d), (b, d)
Hd : (b, c), (b, c), (b, d), (b, d) .
In addition to the top-down and bottom-up constraints laid out in appendix
A (see also [1]), we impose the additional condition that the D-brane quiver
exhibits mass scales similar to the ones observed in nature. Here we require that
the hierarchies are generated via the two mechanisms presented in chapter 2.
We find only one D-brane quiver which fulfills all the top-down and bottom-up
constraints while also exhibiting a semi-realistic Yukawa structure. Subsequently,
8Though they could also generate the missing couplings via higher order couplings, SM
singlets are not of any help, since generically they would also induce a too large µ-term or
R-parity violating couplings.
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we will analyze this D-brane quiver in detail with respect to its Yukawa couplings
and textures.
In Table 1 we display the origin and transformation behavior of the MSSM
matter content.
Sector Matter Fields Transformation Multiplicity Hypercharge
ab qL (a, b) 3
1
6
ac′ uR (a, c) 1 −
2
3
ad′ uR (a, d) 2 −
2
3
aa′ dR a 3
1
3
bc L (b, c) 3 −1
2
bc′ Hu +Hd (b, c) + (b, c) 1
1
2
− 1
2
bb′ NR b 3 0
cd′ ER (c, d) 3 1
Table 1: Spectrum for the 4-stack quiver with U(1)Y =
1
6 U(1)a +
1
2 U(1)c +
1
2 U(1)d.
The only perturbatively realized couplings are
< qIL(1,−1,0,0)Hu(0,1,1,0) u
1
R(−1,0,−1,0) > < L
I
(0,1,−1,0)Hu(0,1,1,0)N
J
R(0,−2,0,0) >
< Hu(0,1,1,0)Hd(0,−1,−1,0) > .
The other couplings are expected to be induced by instantons9. Let us examine if
the non-perturbative effects can give rise to mass hierarchies observed in nature.
We start by analyzing the up-quark coupling. The missing coupling
< qIL(1,−1,0,0)Hu(0,1,1,0) u
2,3
R (−1,0,0,−1) >
is generated by an instanton with the intersection pattern
IE21a = 0 IE21b = 0 IE21c = 1 IE21d = −1 .
Including the perturbatively realized coupling qILHuu
1
R, the resulting up-quark
mass matrix takes the form
M IJU = 〈Hu 〉

 g
u
11 g
u
12 e
−Scl
E21 gu13 e
−Scl
E21
gu21 g
u
22 e
−Scl
E21 gu23 e
−Scl
E21
gu31 g
u
32 e
−Scl
E21 gu33 e
−Scl
E21

 , (6)
9The perturbatively missing couplings can also be generated via higher order couplings,
where the SM singlets acquire a VEV. As explained in chapter 2, the consequences of higher
order couplings are analogous to those of instantons. From now on we assume that the pertur-
batively forbidden couplings are induced via D-instantons.
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where guij are the world-sheet instanton contributions and 〈Hu 〉 denotes the VEV
of the Higgs field, which is of the order 100GeV . Note that for generic values
of guij, the up-quark matrix (6) gives rise to two different scales for the mass
eigenvalues
mt : mc : mu ≃ 1 : e
−Scl
E21 : e−S
cl
E21 .
This is not desired, of course, since we observe three different scales in nature.
World-sheet instantons can, in principle, account for the hierarchy between the
two lightest families, but that crucially depends on the internal geometry and
generically requires some amount of fine-tuning.
Let us turn to the down-quark coupling
< qIL(1,−1,0,0)Hd(0,−1,−1,0) d
J
R(2,0,0,0) > ,
which could be induced by an instanton, E22, with the intersection pattern
IE22a = 1 IE22b = −1 IE22c = −1 IE22d = 0 . (7)
Generically, such an instanton exhibits the action
SE22 = S
cl
E22
+ Y IqL λa q
I
L λb + YHu λbHd λc + Y
J
dR
λa d
J
R λa ,
where the coefficients Y contain the world-sheet instantons and can be computed
using CFT techniques [34]. Performing the path integral∫
d4x d2θ d3λa d
2λb dλc e
−SE22
gives the Yukawa coupling
Y IJD e
−Scl
E22 qILHd d
J
R ,
where Y IJD contains the world-sheet instanton contributions Y
I
qL
, YHu and Y
J
dR
.
Note that the Yukawa matrix factorizes
Y IJD ∼ Y
I
qL
Y JdR , (8)
and thus one needs three different instantons, E22, E2
′
2 and E2
′′
2, with the in-
tersection pattern (7). The resulting down-quark mass matrix then takes the
form
M IJD = 〈Hd 〉

 a11 a12 a13a21 a22 a23
a31 a32 a33

 , (9)
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with 〈Hd 〉 on the order of 100GeV and
aIJ = Y
IJ
D e
−Scl
E22 + Y ′IJD e
−Scl
E2′
2 + Y ′′IJD e
−Scl
E2′′
2 ,
where the Y IJD , Y
′IJ
D and Y
′′IJ
D factorize as in equation (8). The down-quark
matrix (9) generically exhibits three different mass eigenvalues, whose ratio is
roughly given by
mb : ms : md ≃ e
−Scl
E22 : e
−Scl
E2′
2 : e
−Scl
E2′′
2 .
In order to obtain the observed hierarchy between the t-quark and b-quark masses,
the suppression factor e−S
cl
E22 is expected to be in the range 10−2 − 5 · 10−2.
Note that the coupling qILHd d
J
R is an example where the hierarchies between
different families are not due to family splitting, but are rather due to the fact
that an instanton with the intersection pattern (7) induces a factorizable Yukawa
matrix. One needs three different instantons with this intersection pattern to
generate masses for all three families. Each of those three instantons wraps a
different cycle in the internal manifold and thus leads to a different suppression
factor. By this mechanism, the quiver exhibits the observed hierarchy.
For the lepton Yukawa coupling
< LI(0,1,−1,0)Hd(0,−1,−1,0)E
J
R(0,0,1,1) > ,
which is perturbatively forbidden, we encounter a very similar situation. There
are potentially two different classes of instantons which can generate this pertur-
batively missing coupling. Their intersection patterns are given by
IE23a = 0 IE23b = 0 IE23c = −1 IE23d = 1 (10)
and
IfE23a = 0 IfE23b = 0 IfE23c = −1 IfE23d = 1 I
N=2
fE23c
= 1 . (11)
An instanton of type (10) does not induce a factorizable Yukawa matrix. In
that case, the electron masses are expected to be all of the same order, which is
in contradiction to experimental observations. On the other hand, an instanton
exhibiting the intersection pattern (11) gives rise to a factorizable Yukawa matrix.
In the following we show that factorization very explicitly.
The instanton E˜23 exhibits the zero modes λ
1
c , λ
2
c , λc and λd and gives rise to
the action
SfE23 = S
cl
fE23
+ Y IE λcE
I
R λd + Y
I
L λ
1
c L
IHd λ
2
c + Y˜
I
L λ
2
c L
IHd λ
1
c
+ Y IJLH E λ
1
c L
IHdE
J
R λd + Y
′IJ
LH E λ
2
c L
IHdE
J
R λd .
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Performing the path integral∫
d4x d2θ d2λc dλc dλd e
−SfE23
then leads to the electron Yukawa matrix
Y IJE = e
−Scl
fE23 〈Hd 〉
(
Y IL − Y˜
I
L
)
Y JE , (12)
which indeed factorizes. Thus one needs three different instantons, E˜23, E˜2
′
3 and
E˜2
′′
3, each with intersection pattern (11), to induce masses for all three families
10.
This could explain the observed hierarchies, due to their different suppression
factors. To match experimental observations, we expect the ratios between the
different instanton suppressions to satisfy
mτ : mµ : me ≃ e
−Scl
fE23 : e
−Scl
fE2
′
3 : e
−Scl
fE2
′′
3 .
To get the desired mass hierarchy between t-quark and the τ lepton, the suppres-
sion factor e
−Scl
fE23 is expected to be of the order 10−2.
As observed above, the Dirac neutrino masses are perturbatively realized for
all three families and are therefore expected to be of the same order as the t-quark
mass. The presence of a large Majorana mass term for the right-handed neutrinos
would give a natural explanation for the smallness of the neutrino masses, via the
seesaw mechanism. Such a Majorana mass term can be induced by an instanton
with the intersection pattern
IE24a = 0 IE24b = −2 IE24c = 0 IE24d = 0 . (13)
Even though, at first sight, it seems that the Majorana mass matrix factorizes
and thus would only generate a seesaw mass for one neutrino family, we show
in appendix B that the Majorana mass matrix for a generic compactification
does not factorize. With a string mass of the order Ms ≃ 10
18GeV , we expect
the suppression factor to be in the range 10−5 − 10−2 in order to obtain seesaw
neutrino masses in the observed range.
Finally, let us draw the attention to the following two dimension 5 operators,
κ
Ms
qL qL qL L and
κ′
Ms
uR uR dRER , (14)
that lead to fast proton decay if not suppressed (for a similar analysis in the con-
text of SU(5) GUTs, see [35]). The experimental bounds on the proton lifetime
put an upper bound on the couplings constants κ and κ′, which is given by [36]
κ, κ′ ≤ 10−8 , (15)
10There is another possibility, where only two instantons have the intersection pattern (11),
and one instanton has the intersection pattern (10). In this case, the latter would have the
largest suppression factor.
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where we used that Ms ≃ 10
18GeV . Note that, for this quiver, both quartic
couplings are perturbatively forbidden, but will be induced by the instantons
E21 and E22 and thus are suppressed by
e
−S
cl
E21
Ms
and e
−S
cl
E22
Ms
, respectively. With
e
−Scl
E21 ≃ e−S
cl
E22 ≃ 10−2, the suppression is not large enough to saturate the ex-
perimental bounds on the proton lifetime. Unless some symmetry of the internal
compactification manifold prevents the presence of these dangerous dimension 5
operators, or unless large worldsheet instanton suppressions significantly further
suppress both operators, this setup suffers from rapid proton decay and has to
be ruled out as unrealistic.
Let us emphasize that the presence of these dangerous dimension 5 opera-
tors is related to whether or not the right-handed down-quark dR is realized as
antisymmetric of SU(3). In case all of the down-quarks transform as bifunda-
mental under SU(3) and a U(1) stack, both dimension 5 operators, qL qL qL L and
uR uR dRER, are perturbatively absent. Furthermore, none of the instantons re-
quired to generate one of the desired, but perturbatively forbidden couplings can
induce one of these operators. However, in the case where the dR transform as
antisymmetric under SU(3), the operator uR uR dRER could be perturbatively
realized, depending on the transformation behavior of the other matter fields.
In addition, instantons whose presence is required to induce missing couplings,
might, in this case, generate the undesired couplings uR uR dRER or qL qL qL L at
the non-perturbative level. Whether or not the suppression factor of the coupling
is sufficient to avoid rapid proton decay depends crucially on the suppression fac-
tor of the instanton, and thus is related to the scale of the perturbatively missing,
but desired, Yukawa coupling generated by the same instanton.
To summarize, in this four-stack quiver all perturbatively missing Yukawa
couplings can be generated without inducing any R-parity violating couplings
or a µ-term which is too large. Moreover, it allows for a mechanism which can
account for the smallness of the neutrino masses. It also naturally gives rise to
mass hierarchies similar to the ones observed in nature. A potential problem
is the missing hierarchy between the c-quark mass and the u-quark mass, which
cannot be explained via the two mechanisms discussed in chapter 2. On the other
hand, world-sheet instantons can account for this hierarchy. A major flaw of this
quiver is the presence of instanton induced dimension 5 operators qL qL qL L and
uR uR dRER, which generically are not suppressed enough to explain the large
proton lifetime observed in experiments.
4 Five-stack Quivers
In the previous section, we saw that none of the four-stack quivers give rise
to the observed hierarchies for all the matter fields without inducing R-parity
violating couplings or a too large µ-term. We presented one setup which exhibits
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three different mass scales for the down-quarks and the electrons, but only two
mass scales for the up-quarks. The hierarchy for up-quarks is due to different
origins for different families. Thus, in order to have a third mass scale, it is
natural to increase the number of D-brane stacks realizing the MSSM by adding
another U(1)-brane. This allows for additional origins for the matter fields, in
particular for the right-handed up-quarks, and therefore the quiver may exhibit
the desired hierarchies. The most promising hypercharge embedding, as discussed
in appendix C, is the extended Madrid embedding
U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
1
2
U(1)d +
1
2
U(1)e , (16)
which allows multiple potential origins for the MSSM matter fields. The possible
origins are summarized below:
qL : (a, b), (a, b)
uR : (a, c), (a, d), (a, e)
dR : a, (a, c), (a, d), (a, e)
L : (b, c), (b, c), (b, d), (b, d), (b, e), (b, e)
ER : (c, d), (c, e), (d, e), c, d, e
NR : b, b, (c, d), (c, d), (c, e), (c, e), (d, e), (d, e)
Hu : (b, c), (b, c), (b, d), (b, d), (b, e), (b, e)
Hd : (b, c), (b, c), (b, d), (b, d), (b, e), (b, e) .
As in the analysis performed in chapter 3, we impose the criteria laid out in
the systematic bottom-up analysis [1] and furthermore require that the D-brane
quiver allows for the hierarchies observed in nature. We find that, even for five-
stack realizations, there are only a few setups which allow for three different mass
scales for the up-quarks, down-quarks and electrons, that are also compatible with
experimental observations. Here we present two different types of setups. One
gives rise to a Yukawa texture similar to the one seen in the four-stack quiver
discussed in section 3. However, a rigid U(1) instanton [37–41] wrapping one of
the three-cycles which is wrapped by one of the U(1) branes induces an R-parity
violating coupling, which rules out this setup as unrealistic. Moreover, this setup
also suffers from the presence of dimension 5 operators which lead to rapid proton
decay.
In subsection 4.2, we present one of the few 5-stack quivers which not only
exhibits three different mass scales for the up-quarks, down-quarks, and electrons
and gives a natural explanation for the hierarchy between the t-quark mass and
the masses of all other matter fields, but also overcomes the issue of a dangerously
high proton decay rate encountered in the setups discussed in chapter 3 and
section 4.1. Thus this quiver passes all the stringent bottom-up constraints and
provides a viable setup for further investigation.
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4.1 First Setup – R-Parity violation from U(1) Instantons
Table 2 displays the origin and transformation behavior of all the MSSM matter
fields for this setup, where the hypercharge is given by (16) . We analyze it with
respect to its Yukawa couplings and textures. Since this analysis is very similar
to the one performed in the previous chapter, we will be less detailed and instead
we will just state the results.
Sector Matter Fields Transformation Multiplicity Hypercharge
ab qL (a, b) 2
1
6
ab′ qL (a, b) 1
1
6
ac′ uR (a, c) 3 −
2
3
aa′ dR a 3
1
3
bc Hu (b, c) 1
1
2
bd L (b, d) 3 −1
2
be′ Hd (b, e) 1 −
1
2
bb′ NR b 1 0
cd NR (c, d) 1 0
cd′ ER (c, d) 1 1
ce NR (c, e) 1 0
cc′ ER c 1 1
de′ ER (d, e) 1 1
Table 2: Spectrum for setup 1 with U(1)Y =
1
6 U(1)a +
1
2 U(1)c +
1
2 U(1)d +
1
2 U(1)e.
After taking into account non-perturbative effects, the up-quark Yukawa ma-
trix takes a form similar to the one in the four-stack quiver discussed in the
previous chapter
M IJU = 〈Hu 〉


gu11 g
u
12 g
u
13
gu21 e
−Scl
E21 gu22 e
−Scl
E21 gu23 e
−Scl
E21
gu31 e
−Scl
E21 gu32 e
−Scl
E21 gu33 e
−Scl
E21

 .
Again, world-sheet instantons may account for the observed hierarchy between
the two lightest families.
The down-quark mass matrix takes a slightly different form than in the four
stack quiver discussed previously
M IJD = 〈Hd 〉

 a11 a12 a13a21 a22 a23
a31 a32 a33

 , (17)
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where the entries aIJ are given by
aIJ = Y
IJ
D e
−Scl
E22 + Y ′IJD e
−Scl
E23 + Y ′′IJD e
−Scl
E2′
3 .
In contrast to the four-stack quiver, not all three instantons carry the same charge
under the global U(1) charges. The instanton E22 only populates the entries in
the first row of the down-quark mass matrix (17), thus Y 2JD = Y
3J
D = 0. The
instantons E23 and E2
′
3 give only non-vanishing contributions for the last two
rows of (17), thus Y ′1JD = Y
′′1J
D = 0. Note that the latter two instantons give
rise to factorizable Yukawa matrices. In order to get non-vanishing masses for
all three families, the presence of both instantons, E23 and E2
′
3, is required. To
match experimental observations, the ratios of the suppression factors have to
satisfy
mb : ms : md ≃ e
−Scl
E22 : e−S
cl
E23 : e
−Scl
E2′
3 ,
where e−S
cl
E22 is expected to be in the range 10−2 − 5 · 10−2.
Since all three right-handed electrons ER arise from different sectors, the
global U(1) charge carried by the Yukawa coupling is different for each family.
The resulting electron Yukawa matrix takes the form
M IJE = 〈Hd 〉

 g
e
11 g
e
12 e
−Scl
E24 ge13 e
−Scl
E25
ge21 g
e
22 e
−Scl
E24 ge23 e
−Scl
E25
ge31 g
e
32 e
−Scl
E24 ge33 e
−Scl
E25

 ,
where geij denote the world-sheet instanton contributions. Note that in this quiver,
in contrast to the four-stack quiver discussed in chapter 3, the electron mass
hierarchy between the three families arises from the fact that all electrons ER
come from different sectors. Note, also, that this quiver predicts that the masses
of the t-quark and the τ -lepton are of the same order, which is in contradiction to
experiments. Again, world-sheet instantons may suppress the τ -lepton coupling
in a way compatible with experimental observations.
The Dirac neutrino mass matrix, after taking into account non-perturbative
effects, takes the form
M IJν = 〈Hu〉

 gν11 gν12 e−SE26 gν13 e−SE27gν21 gν22 e−SE26 gν23 e−SE27
gν31 g
ν
32 e
−SE26 gν33 e
−SE27

 .
Together with the Majorana mass matrix for the right-handed neutrinos
M IJNR =Ms

 g
NR
11 e
−SE28 gNR12 e
−SE29 gNR13 e
−SE210
gNR12 e
−SE29 gNR22 e
−SE211 gNR23 e
−SE212
gNR13 e
−SE210 gNR23 e
−SE212 gNR33 e
−SE213

 ,
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where Ms denotes the string mass, they can account for the smallness of the
neutrino masses via the seesaw mechanism.
In contrast to the four-stack quiver, the µ-term
< Hu(0,−1,1,0,0)Hd(0,−1,0,0,−1) >
is perturbatively forbidden. It can be induced by an instanton with the intersec-
tion pattern
IE214a = 0 IE214b = −1 IE214c = 1 IE214d = 0 IE214e = −1,
which can account for the order of the µ-term, due to its non-perturbative nature.
As shown in [37–41], a rigid U(1) instanton wrapping the same cycle as one of
the U(1)-branes or its orientifold images exhibits the right uncharged zero mode
structure to contribute to the superpotential11. In order to indeed contribute to
the superpotential, such a U(1) instanton also has to carry the right charged zero
mode structure. Let us draw attention to the U(1) instanton wrapping the same
cycle as the D-brane e. Such an instanton carries the global U(1) charges
QE2(a) = 0 QE2(b) = −2 QE2(c) = −1 QE2(d) = 1 QE2(e) = 0 (18)
and thus can generate the R-parity violating coupling LLER. The suppression
of this coupling depends on the volume of the three-cycle that the U(1)-brane e
wraps and therefore is related to the hypercharge coupling gY .
Due to the presence of the R-parity violating coupling LLER, we rule out
this setup as unrealistic. Note that, in contrast to the setups discussed in [1], the
instanton generating the R-parity violating coupling is not an instanton whose
presence is required to induce one of the perturbatively missing, but desired,
couplings. Rather, U(1) instantons are present in every quiver and exhibit the
right uncharged zero mode structure to induce superpotential terms. Whether
or not they give contributions to the superpotential depends on the charged zero
mode structure and thus on the spectrum charged under the U(1)-brane that
wraps the same cycle as the instanton.
It turns out that, for this quiver, a U(1) instanton wrapping the same cycle
as the D-brane e induces an R-parity violating coupling. On the other hand, for
different setups U(1) instantons might generate one of the perturbatively missing,
but desired, couplings.
The global embedding of D-instanton effects is still a very challenging task,
mainly due to the fact that a generic instanton exhibits too many uncharged
zero modes. For most examples of non-perturbative superpotential corrections in
the literature, the generating instanton is an O(1) instanton [42–45]12. Such an
11Here we assume that the D-branes, and thus also the instanton, wrap rigid cycles in the
internal manifold.
12As shown in [38,46–48], multi-instanton configurations can also contribute to the superpo-
tential.
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instanton wraps an orientifold invariant cycle and the undesired zero modes are
projected out. However, for the known Calabi-Yau threefolds there is a limited
number of such cycles, and they must additionally exhibit the right intersection
pattern with the D-branes in order to contribute to the superpotential13. Thus,
having another source of D-instanton contributions, such as a rigid U(1) instan-
ton, may be helpful in the quest for a global string realization of the MSSM.
While this setup does not exhibit the dangerous dimension 5 operator qLqLqLL
at either the perturbative or non-perturbative level, the other dangerous dimen-
sion 5 operator uR uR dRER is perturbatively realized and therefore generically
does not satisfy the upper bound (15). Thus, even apart from the U(1) instanton
induced R-parity violating coupling LLER, this quiver suffers from rapid proton
decay triggered by the quartic coupling uR uR dRER.
Summarizing, this five-stack quiver exhibits a phenomenology very similar to
that of the four-stack quiver discussed in chapter 3. In particular, it suggests that
the masses of the c-quark and the u-quark are of the same order and predicts
that the masses of the t-quark and the τ -lepton are of the same order. Again,
in principle, world-sheet instantons can account for the suppression of the u-
quark and τ -lepton mass. More serious flaws are that this quiver suffers from
the presence of the R-parity violating coupling LLER, which is induced by a
U(1) instanton wrapping the same cycle as the D-brane e, and the perturbative
presence of the dangerous dimension 5 operator uR uR dRER, which leads to a
disastrous proton decay rate.
4.2 Second setup – Realistic Yukawa textures
Finally, let us discuss one of the few 5-stack quivers which not only naturally
exhibits three different mass scales for electrons, up- and down-quarks and also
naturally explains the hierarchy between the t-quark mass and the masses of all
other MSSM matter fields, but also overcomes the serious issue of the dangerous
dimension 5 operators which lead to rapid proton decay. Table 3 displays the
origin and transformation behavior for all the MSSM matter fields, where again
the hypercharge is given by the extended Madrid embedding (16).
After taking into account non-perturbative effects, the up-quark Yukawa cou-
pling matrix takes the form
M IJU = 〈Hu 〉


gu11 g
u
12 0
gu21 e
−Scl
E21 gu22 e
−Scl
E21 gu23 e
−Scl
E22
gu31 e
−Scl
E21 gu32 e
−Scl
E21 gu33 e
−Scl
E22

 , (19)
where the guij , as before, denote the world-sheet instanton contributions. Note
that the t-quark coupling is realized perturbatively and the up-quark matrix (19)
13See [49] for a globally consistent type I realization where D-instantons generate Majorana
mass terms for the right-handed neutrinos and a Polonyi-type superpotential term.
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Sector Matter Fields Transformation Multiplicity Hypercharge
ab qL (a, b) 1
1
6
ab′ qL (a, b) 2
1
6
ac′ uR (a, c) 2 −
2
3
ad′ uR (a, d) 1 −
2
3
aa′ dR a 3
1
3
bc′ Hu (b, c) 1
1
2
bd′ L (b, d) 3 −1
2
be′ Hd (b, e) 1
1
2
ce′ ER (c, e) 2 1
ce NR (c, e) 1 0
dd′ ER d 1 1
de NR (d, e) 2 0
Table 3: Spectrum for setup 2 with U(1)Y = 16 U(1)a +
1
2 U(1)c +
1
2 U(1)d +
1
2 U(1)e.
generically exhibits three different mass scales for the up-quarks. In order to
match the observed hierarchies, the ratios of the suppression factors are expected
to be
mt : mc : mu ≃ 1 : e
−Scl
E21 : e−S
cl
E22 .
The down-quark mass matrix takes the same form as for the quiver inves-
tigated in section 4.1 (see eq. (17)). To match experimental observations, we
expect the ratios of the suppression factors to satisfy14
mb : ms : md ≃ e
−Scl
E23 : e−S
cl
E24 : e
−Scl
E2′
4 ,
where e−S
cl
E23 is expected to be in the range 10−2 − 5 · 10−2.
The electron Yukawa coupling for this setup is of the form
M IJE = 〈Hd 〉

 b11 b12 b13b21 b22 b23
b31 b32 b33

 , (20)
where the entries take a similar form as for the down-quark coupling
bIJ = Y
IJ
E e
−Scl
E25 + Y ′IJE e
−Scl
E26 + Y ′′IJE e
−Scl
E2′
6 ,
with Y J2E = Y
J3
E = 0 and Y
′J1
E = Y
′′J1
E = 0. The instanton E26 induces a
factorizable Yukawa matrix, and thus a second instanton E2′6 with the same
14Note that, for this setup, we substituted E22 by E23, E23 by E24 andE2
′
3
by E2′
4
compared
to the quiver in section 4.1.
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intersection pattern as E26 is needed, together with the instanton E25, to give
masses to all three families. Note that, in contrast to the setup discussed in
section 4.1 , the τ -lepton mass is perturbatively absent. To match experimental
observations, we expect the suppression factors to satisfy
mτ : mµ : me ≃ e
−Scl
E25 : e−S
cl
E26 : e
−Scl
E2′
6 ≃ 10−2 : 10−4 : 10−7 .
Due to the absence of perturbative Dirac masses, the smallness of the neutrino
masses can be explained by the non-perturbative generation of the Dirac masses,
where the instanton suppression factor is in the range 10−14 − 10−11 [50]. The
Dirac mass matrix takes the form
M IJν = 〈Hu 〉


gν11 e
−Scl
E28 gν12 e
−Scl
E29 + g′ν12 e
−Scl
E2′
9 gν13 e
−Scl
E29 + g′ν13 e
−Scl
E2′
9
gν21 e
−Scl
E28 gν22 e
−Scl
E29 + g′ν22 e
−Scl
E2′
9 gν23 e
−Scl
E29 + g′ν23 e
−Scl
E2′
9
gν31 e
−Scl
E28 gν32 e
−Scl
E29 + g′ν32 e
−Scl
E2′
9 gν33 e
−Scl
E29 + g′ν33 e
−Scl
E2′
9

 .
The instantons E29 and E2
′
9 induce a factorizable Yukawa matrix, thus the pres-
ence of both instantons is required to induce masses for all the neutrinos15. The
µ term is perturbatively forbidden and can be generated by a D-instanton with
the intersection pattern
IE10a = 0 IE210b = 0 IE210c = 1 IE210d = 0 IE210e = −1
To get a µ-term of the order 100GeV , the suppression factor of E210 is expected
to be of the order 10−16.
Note that, in contrast to the setup discussed in chapter 3, this setup does not
exhibit the dangerous dimension five operator qL qL qL L at either the perturbative
or non-perturbative level. On the other hand, the quartic coupling uR uR dRER
is induced by the same instanton that generates Dirac mass term for neutrinos,
E28, which exhibits the intersection pattern
IE28a = 0 IE28b = 0 IE28c = 0 IE28d = −1 IE28e = 1 I
N=2
E28c
= 1 .
Note, however, that in order to explain the small observed Neutrino masses the
suppression factor of E28 is expected to be in the range 10
−14 − 10−11, which is
enough suppression to saturate the present bounds on the proton lifetime (see eq.
(15)). Moreover, since experiments do not exclude the possibility of one massless
neutrino, the presence of the instanton E28 is not required. In that case, the
dimension 5 operator uR uR dRER is not even induced. We conclude that, in
contrast to the previous examples discussed in chapter 3 and section 4.1, this
15Note that experiments do not yet rule out the possibility of one neutrino family being
massless. If we allow for a massless neutrino family, only the presence of two instantons of E28,
E29 and E2
′
9
is required.
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quiver does not suffer from a large proton decay rate, and thus provides a viable
setup which gives rise to realistic phenomenology.
Let us summarize the features of this quiver. It naturally exhibits three
different mass scales for the up-quarks, down-quarks and electrons, as observed
in nature, and naturally explains the hierarchy between the t-quark mass and
the masses of all other matter fields. It allows a natural explanation for the
neutrino and Higgs mass scales, due to their non-perturbative nature. Moreover,
it overcomes the serious issue of a disastrous proton decay rate. Therefore it
provides a viable setup for further phenomenological investigation.
5 Conclusion
In this work, we discuss the potential origin of MSSM mass hierarchies in ori-
entifold string compactifications. Such compactifications generically exhibit a
large class of global U(1)’s, which are remnants of the generalized Green-Schwarz
mechanism. These global U(1)’s must be respected by perturbative string the-
ory and thus often times forbid desired couplings. The missing couplings can
be generated via higher-order couplings containing the VEV’s of SM singlets or
by D-instantons, both of which lead naturally to a suppression of the induced
coupling relative to perturbatively realized interactions, thus potentially giving
rise to interesting Yukawa textures.
In chapter 2, we present two different methods to obtain mass hierarchies
between different families of the MSSM fields. One potential origin is that dif-
ferent families arise from different sectors [23]. Then, for each family, a different
instanton or singlet is required to induce the perturbatively missing coupling,
which leads to different suppression factors for different generations. The other
potential mechanism is purely non-perturbative and relies on the fact that some-
times an instanton-induced Yukawa matrix factorizes, in which case it only gives
rise to one massive family. Thus, three different instantons carrying the same
charge under the global U(1)’s are required to give masses to all three families.
These three instantons generically wrap different cycles in the internal manifold
and therefore exhibit different suppression factors. The resulting mass matrix
then gives three different masses, which are of the order of the three suppression
factors of the instantons.
Any perturbative coupling is suppressed by world-sheet instantons, which in
principle can account for the observed mass hierarchies, as shown in [7,9,18–20].
However, these world-sheet instantons depend crucially on the geometry of the
internal manifold, as well as on the open string moduli, and therefore a large
amount of fine-tuning is required to obtain the hierarchies observed in nature.
Another potential source of mass hierarchies in orientifold compactifications relies
on some symmetries of the internal manifold, which leads to factorizable Yukawa
matrices on the perturbative level. For such compactifications, only one family
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becomes massive, while the others remain massless and receive masses via radia-
tive corrections [51]. However, such factorization depends on the geometry of the
internal manifold and does not appear for a generic compactification manifold.
In [1], the authors systematically analyzed four-stack quivers which give rise
to the exact MSSM spectrum and allow for the generation of the MSSM superpo-
tential, perturbatively or non-perturbatively, without inducing any phenomeno-
logical drawbacks, such as R-parity violating couplings. In addition, they require
that the quivers provide a mechanism which explains the smallness of the neu-
trino masses. This analysis was performed independently of a concrete global
realization and therefore the results are independent of the geometrical specifics
of the internal space. In this work, we extend this analysis by requiring that the
D-brane quivers must also allow for a natural explanation of the observed hierar-
chies, where the origin of the hierarchies is due to the two mechanisms presented
in chapter 2.
We find that only one four-stack quiver exhibits a semi-realistic Yukawa tex-
ture. In chapter 3, we analyze this quiver with respect to its Yukawa structure.
We show that D-instantons can account for the generation of perturbatively miss-
ing, but desired, couplings without inducing R-parity violating couplings or a too
large µ-term. Moreover, we show that this quiver naturally allows for three dif-
ferent mass scales for the down-quarks and the electrons, and also explains the
hierarchy between the t-quark mass and the masses of all other MSSM matter
fields. However, it predicts that the c-quark and u-quark masses are of the same
order. In principle, world-sheet instantons can account for the hierarchy between
the two lightest families of the up-quarks, but this often involves some amount
of fine-tuning.
In chapter 4, we allow for an additional U(1)-brane stack and, as expected,
we find many more setups which exhibit a Yukawa texture similar to the one
encountered in chapter 3 for the four-stack quiver. A subclass of those D-brane
quivers allows for a U(1) instanton, which wraps the same cycle as one of the
U(1) branes, whose global U(1) charge and uncharged zero mode structure is
such that it generates a superpotential contribution. Let us emphasize that if
a U(1) instanton exhibits the proper intersection pattern, and thus the proper
global U(1) charge, to induce a superpotential coupling, then the presence of the
latter is guaranteed, independent of the concrete global embedding. In section 4.1
we present such a quiver, where a U(1) instanton induces an R-parity violating
coupling, and thus we rule out the setup as unrealistic. In a future systematic
bottom-up analysis, similar to the ones performed in [1], it would be interest-
ing to require the absence of U(1) instantons which generate R-parity violating
couplings.
Whether or not a U(1) instanton can generate a particular coupling depends
crucially on the spectrum charged under the U(1)-brane that the instanton wraps.
Though in the example discussed in section 4.1 it induces an undesired R-parity
violating coupling, for different setups it may generate a perturbatively forbidden,
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but desired, Yukawa coupling. Given how difficult it is to find global embeddings
of D-instanton effects, we believe that U(1) instantons are a useful additional tool
in generating some of the desired, but missing, MSSM superpotential couplings.
Both the four-stack quiver and the five-stack quiver, discussed in chapter
3 and section 4.1, respectively, suffer from the presence of quartic couplings,
whose presence gives rise to rapid proton decay, which is not compatible with
experimental observations (see [35] for a similar discussion in the context of SU(5)
GUT orientifolds). The presence of of such dimension 5 operators is related to the
fact that the right-handed down-quarks are realized as antisymmetrics of SU(3),
which may explain the different mass scales for the three down-quarks, via the
mechanism described in section 2.2. Thus, there is a tension between obtaining
the observed mass hierarchies of the MSSM and avoiding a disastrous proton
decay rate.
In section 4.2, we present one of the few five-stack quivers that passes all of
the stringent bottom-up constraints without fine-tuning. It gives rise to three dif-
ferent mass scales for the up-, down-quarks and electrons, as observed in nature,
and naturally explains the hierarchy between the t-quark mass and the masses of
all other matter fields. It also gives an explanation for the small neutrino masses
and the µ-term, due to their non-perturbative nature. Moreover, the dangerous
dimension 5 operators that could lead to rapid proton decay are either absent or
sufficiently suppressed. Thus, this quiver is a promising starting point for further
detailed phenomenological investigation.
A generic pattern of MSSM orientifold compactifications is that different fam-
ilies tend to arise from the same sector, even though there are many potential
origins they can arise from. In such cases the mechanism discussed in section
2.1 cannot be applied to get the observed mass hierarchies. One might entertain
the idea of allowing for additional chiral singlets, which acquire a VEV and may
induce perturbatively missing couplings via higher order couplings. For such
setups, the presence of the additional chiral singlets will have dramatic effects
on the constraints arising from tadpole cancellation and the presence of a mass-
less hypercharge U(1)Y . In such a case, it would be interesting to see if family
splitting is still phenomenologically disfavored.
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A Top-down and bottom-up constraints
In this appendix, we briefly summarize the constraints we require D-brane quivers
to satisfy. For a more detailed description, we refer the reader to [1]. Let us dis-
tinguish between the two different classes of constraints, top-down and bottom-up
constraints. The former include constraints on the chiral matter field transfor-
mation behavior arising from tadpole cancellation and from the presence of a
massless hypercharge U(1)Y . The bottom-up constraints are due to experimen-
tal observations and include the absence of R-parity violating couplings on the
perturbative and non-perturbative level, as well as the presence of a mechanism
which explains the smallness of the neutrino masses.
• All the MSSM matter content and the right-handed neutrino, apart from
the Higgs fields, appear as chiral fields at intersections between two D-
brane stacks of the respective quiver. That implies that all of the MSSM
matter fields are charged only under the four or five D-brane gauge groups.
Moreover, we require the absence of additional chiral fields charged under
the gauge groups of the four or five D-branes.
• As discussed in [1], tadpole cancellation, which is a condition on the cycles
that the D-branes wrap, imposes constraints on the transformation behavior
of the chiral matter. For a stack ofNa D-branes withNa > 1, the constraints
read
#(a)−#(a) + (Na − 4)#( a) + (Na + 4)#( a) = 0 , (21)
while for Na = 1 it is slightly modified and takes the form
#(a)−#(a) + 5#( a) = 0 mod 3 . (22)
We require the constraints to be satisfied by the MSSM matter content for
all D-brane stacks.
• In a fashion similar to tadpole cancellation, the presence of a massless U(1)Y
puts constraints on the cycles that the D-branes wrap. These again imply
constraints on the transformation behaviour of the chiral matter, which are
given by∑
x 6=a
qxNx#(a, x)−
∑
x 6=a
qxNx#(a, x) = qaNa
(
#( a) + #( a)
)
(23)
for Na > 1 and∑
x 6=a
qxNx#(a, x)−
∑
x 6=a
qxNx#(a, x) = qa
#(a)−#(a) + 8#( a)
3
(24)
for Na = 1.
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• All the MSSM Yukawa couplings for all three families are realized, either
perturbatively, non-perturbatively or via higher order couplings. In the
latter case the MSSM singlets are non-chiral and acquire a VEV by brane
splitting.
• We forbid any R-parity violating couplings on the perturbative and non-
perturbative level.
• Often times an instanton which is required to generate the Yukawa couplings
also induces a tadpole NR and thus an instability for the setup. We rule
out any setup which requires the presence of such an instanton.
• We rule out setups which lead to a large family mixing in the quark Yukawa
couplings [1, 32, 52].
• The D-brane quiver must allow for a mechanism which gives a µ-term of
the observed order.
• We require that the D-brane quiver exhibits a mechanism which accounts
for the smallness of the neutrino masses.
• We require that the t-quark Yukawa coupling is realized perturbatively.
B Neutrino mass matrix
Here we investigate whether or not the Majorana mass matrix encountered in
section 3 factorizes. If it does, then only one family acquires a seesaw mass, while
for the other two families the mass is roughly given by the Dirac mass term. The
intersection pattern (13) suggests that the instanton exhibits four charged zero
modes λαb , where α denotes the family index, α ǫ (1, 2). The instanton action
generically takes form
SE2 = S
cl
E2 + Y
I
αβ λ
α
b N
I
R λ
β
b , (25)
where Y Iαβ denotes the world-sheet instantons and generically depends on the
zero mode family indices α and β, as well as on the neutrino family index I.
Performing the path integral over the charged zero modes∫
d4x d2θ d4λb e
−SE2 (26)
gives the Majorana mass matrix for the right-handed neutrinos, which takes the
form
M IJNR = e
−Scl
E2 Ms

 Mν11 Mν12 Mν13Mν21 Mν22 Mν23
Mν31 M
ν
32 M
ν
33

 , (27)
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where the entries take the form
MνIJ = 2 Y
I
11 Y
J
22 − Y
I
12 Y
J
12 − Y
I
12 Y
J
21 − Y
I
21 Y
J
12 − Y
I
21 Y
J
21 + 2 Y
I
22 Y
J
11 . (28)
Thus, generically, the Majorana mass matrix does not factorize, and for all three
families a Majorana mass term of the order Ms e
−Scl
E2 is induced.
C Discussion of Five-Stack Hypercharges
There are multiple five-stack hypercharge embeddings possibly consistent with
the exact MSSM spectrum and tadpole constraints. Many of these hypercharges,
however, can be ruled out by requiring that the quiver exhibits three different
mass scales for the up-quarks, down-quarks and leptons. Here we allow for the two
different mechanisms discussed in chapter 2 to give rise to such hierarchies. Only
if the quarks are realized as antisymmetric of SU(3) do non-perturbative effects
give rise to a factorizable Yukawa matrix, and thus to interesting mass hierarchies.
Otherwise the induced Yukawa matrix does not factorize, and desired hierarchies
must have their origin in the fact that different families arise from different sectors.
In this appendix we analyze which of the five-stack hypercharge embeddings
simultaneously give rise to three hierarchies and satisfy the constraints laid out
in appendix A.
For five-stack quivers, the hypercharges take one of two forms once we restrict
the spectrum to the exact MSSM and impose the top-down constraints arising
from tadpole cancellation. All such hypercharges take one of the following forms
U(1)Y = −
1
3
U(1)a −
1
2
U(1)b +
∑
i
qiU(1)i (29)
U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
∑
i
qiU(1)i , (30)
for some set of qi’s, where the sum contains the contributions from the U(1) brane
stacks16.
For the first possible hypercharge form (29), dR may transform only as (a, i)
or (a, i), where i is a U(1) stack with qi = 0. In the case where no qi = 1, uR
must transform as a. In this case, the dR can transform as (a, i) or (a, i), but not
both, since then the R-parity violating coupling uR dR dR would be perturbatively
allowed. This implies that all three U(1) branes must have qi = 0 in order to
16Since models with a U(1) brane i have a symmetry under a simultaneous swapping of
qi ↔ −qi, transformation behavior i↔ i and branes i↔ i
′, we fix qi ≥ 0 for all i.
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give rise to three mass hierarchies for the down-quarks. Thus, the only allowed
hypercharge with no qi = 1 is
U(1)Y = −
1
3
U(1)a −
1
2
U(1)b .
However, having three different origins for dR requires instantons to generate
qILHd d
J
R for all three families. These same instantons will also generate the R-
parity violating terms uIR d
J
R d
K
R for some choice of I, J and K, and thus this case
also fails.
In the case where qi = 1 for a U(1) stack, the existence of three down-quark
mass hierarchies requires at least two U(1) branes with qi = 0, and thus
U(1)Y = −
1
3
U(1)a −
1
2
U(1)b + U(1)e .
Here all uR’s must transform as (a, e) to prevent u
I
R d
J
R d
K
R from being pertur-
batively allowed, which gives no mass hierarchy between the up-quark families.
Thus there are no D-brane quivers with the hypercharge embedding of type (29)
which give rise to the observed mass hierarchies without inducing R-parity vio-
lating couplings.
For the second possible hypercharge (30), the dR’s can transform as antisym-
metric a of SU(3), and thus in principle there is, independent of the choices
of qi in (30), a way to get three different mass scales for the down-quarks. The
uR’s transform only as (a, i) for a U(1) brane i with qi =
1
2
. On the other hand
the qL’s can have two different transformation behaviors, as (a, b) or (a, b). To
obtain one of the three Yukawa matrices displayed in equation (2), the choice of
hypercharges must allow for at least two different origins for the uR’s, and thus
at least two of the qi’s in (30) take the value
1
2
. Since we require that all D-branes
are populated by at least one of the MSSM fields, there are only three different
choices of hypercharge which could potentially give rise to three different mass
scales for the up-quarks, down-quarks and electrons, while also being compatible
with the constraints arising from tadpole cancellation. They are displayed below
U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
1
2
U(1)d
U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
1
2
U(1)d +
3
2
U(1)e
U(1)Y =
1
6
U(1)a +
1
2
U(1)c +
1
2
U(1)d +
1
2
U(1)e .
For these three hypercharge choices, we imposed the top-down and bottom-up
constraints presented in appendix A and analyzed which of of the D-brane quivers
exhibit three different mass scales for the up-quarks, down-quarks and electrons.
All solutions for the first two choices of hypercharge which satisfy the constraints
do not have the phenomenologically desired hierarchies. For the last hypercharge,
the extended Madrid embedding, we do find some realizations which do not suffer
from this drawback, and two examples are discussed in chapter 4.
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